Ideally, both ecosystem service and human development policies should improve human well-being through the conservation of ecosystems that provide valuable services. However, program costs and benefits to multiple stakeholders, and how they change through time, are rarely carefully analyzed. We examine one of China's new ecosystem service protection and human development policies: the Relocation and Settlement Program of Southern Shaanxi Province (RSP), which pays households who opt voluntarily to resettle from mountainous areas. The RSP aims to reduce disaster risk, restore important ecosystem services, and improve human well-being. We use household surveys and biophysical data in an integrated economic cost-benefit analysis for multiple stakeholders. We project that the RSP will result in positive net benefits to the municipal government, and to cross-region and global beneficiaries over the long run along with environment improvement, including improved water quality, soil erosion control, and carbon sequestration. However, there are significant short-run relocation costs for local residents so that poor households may have difficulty participating because they lack the resources to pay the initial costs of relocation. Greater subsidies and subsequent supports after relocation are necessary to reduce the payback period of resettled households in the long run. Compensation from downstream beneficiaries for improved water and from carbon trades could be channeled into reducing relocation costs for the poor and sharing the burden of RSP implementation. The effectiveness of the RSP could also be greatly strengthened by early investment in developing human capital and environmentfriendly jobs and establishing long-term mechanisms for securing program goals. These challenges and potential solutions pervade ecosystem service efforts globally.
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human well-being | payment for ecosystem services | social-ecological systems | relocation | sustainable household livelihoods C hina is in a period of intense policy innovation to achieve sustainable development by harmonizing economic development with nature and transforming itself into the "ecological civilization of the 21st century" (1, 2) . A major new policy involves zoning the country to protect and restore the most vital natural capital assetsspanning 28% of the nation's land area-which are crucial contributors to flood mitigation, sandstorm control, water resources, soil fertility, climate stability, and biodiversity (3) . Key questions in China are, who are the potential winners and losers, and can policies be designed to promote both natural capital and human wellbeing across diverse stakeholders and through time?
Ecosystem services are generated and supplied to beneficiaries across a range of ecological and institutional scales. Stakeholders can have very different perspectives on the values of ecosystem services and, by extension, the impacts of policy (e.g., ref. 4 ). These differences arise from the nature of a stakeholder's role(s) in the system, such as whether they are suppliers or beneficiaries, or both; how their income-generating and livelihood activities affect the provision of different services; whether institutions exist through which beneficiaries compensate suppliers for services; stakeholders' specific livelihood opportunities and capacity to change; and rapidity of change in the system, such as in resource use, property rights, migration, and the local influence of global actors (5) (6) (7) (8) (9) .
Ideally, linked conservation and human development policies would be designed, evaluated, and adaptively improved using rigorous biophysical and socioeconomic analysis of impacts on ecosystems and their services, and on the livelihoods and wellbeing of diverse stakeholders (10) . In practice, this is extremely challenging and is rarely done (1, 11) . With recent advances in knowledge and approaches, however, it is now realistic to apply integrated approaches to do such analyses.
To address devastating environmental crises and to improve human well-being, China is implementing multiple regional and national conservation policies. One such policy, the Relocation and Settlement Program of Southern Shaanxi Province (RSP or "Program"), pays people to move voluntarily from ecologically Significance Understanding costs and benefits to multiple stakeholders, and how they change through time, is essential to designing effective conservation and human development policies. Where, when, and to whom benefits are delivered are rarely analyzed, however. We examine one of China's conservation-development policies-the Relocation and Settlement Program of Shaanxi Province (RSP)-drawing insights of broad relevance. Although the RSP benefits the municipal government, downstream water consumers, and global beneficiaries, the shortrun costs to local households and the municipal government greatly exceed these benefits. Moreover, poor households are unable to pay the upfront costs and have difficulty participating. The RSP is well designed to reduce local ecological pressure and enhance human development, but its effectiveness could be strengthened in key ways.
fragile, steep, remote mountain areas to towns or plains, to restore ecosystems, critical ecosystem services (e.g., water purification, flood control, landscape stabilization), alleviate poverty, and enhance livelihood security. Similar to other ecosystem service investment projects worldwide, multiple stakeholders, including local households, governments, and regional beneficiaries of ecosystem services, are involved in the RSP. One of the greatest challenges is how to address the interests and livelihoods of different stakeholders to achieve sustainability goals.
In this article, we use the RSP in Ankang Municipality, a primary water source conservation area for the South-to-North Water Transfer Project (SNWTP)-the largest water transfer project in the world-as a case to explore the costs and benefits for multiple stakeholders. We first identify the expected impacts of the RSP on land use and land cover (LULC). Second, we use household survey data from RSP participants and nonparticipants to better understand the immediate impacts of the Program on household well-being and livelihood activities, and its potential influences on the environment. Finally, we analyze changes in the costs and benefits that reveal how the RSP is likely to affect different stakeholders in the short and long term.
Background
Ankang Municipality. Ankang Municipality is located in the south of Shaanxi Province in the Qinling Mountains, on the upper reaches of the Han River, a major branch of the Yangtze River ( Fig. 1 and SI Appendix, section S1). Ankang Municipality comprises nine counties, together spanning 23,534 km 2 . The permanent resident population is 2.63 million, one-third of whom are below the poverty line (354 USD per capita per y; 1 USD = 6.5 CNY in 2011). The per-capita annual income of urban and rural residents, in absolute terms and relative to national average urban and rural income levels, is 2,672 USD (80%) and 770 USD (72%), respectively (12) .
Ankang is an important water resource conservation area for the SNWTP. The 340-km section of the Han River in Ankang Municipality provides average annual runoff of 1.07 × 10 10 m
3
. Ankang Municipality accounts for 60% of the water resources in Shaanxi Province (12) .
Relocation and Settlement Program Planning. Ankang Municipality faces severe challenges in reducing disaster risk and improving human well-being, together with its neighboring municipalities of Shangluo and Hanzhong (SI Appendix, Fig. S1 ). In total, 92.5% of Ankang Municipality is steeply mountainous, prone to frequent floods, landslides, debris flow, etc., that result in severe economic losses every year (13) . From the viewpoint of the provincial government, relocating people who live in vulnerable mountain villages, with poor access to basic facilities, is the most effective way to improve livelihoods. Thus, to avoid natural disasters, restore key ecosystem services such as erosion control, flood mitigation, water purification for downstream drinking, irrigation and hydropower, and carbon sequestration, and to improve human well-being generally, Shaanxi Province initiated the RSP in 2011-the largest resettlement project in the history of modern China.
Offering direct financial assistance and other incentives, the provincial government aims to relocate, on a voluntary basis, 2.4 million people over 10 y in 28 counties of these three municipalities-a quarter of their total population. Eligible households will be given financial assistance to move from steep, remote locations to safer places with better access to public services (SI Appendix, section S2). In Ankang Municipality, the Program involves ∼226,000 rural households (450,000 individual residents during 2011-2015 and another ∼427,000 during 2016-2020).
The Program is tied to the Middle Route of the SNWTP (SI Appendix, section S3), designed to deliver high-quality fresh water to arid North China by reducing soil erosion and nutrient runoff into the Han River. Controversy has arisen in relation to past relocation programs, especially the Three Gorges Dam displacement and resettlement (14, 15) . In response and in contrast to the Three Gorges Dam project, this resettlement project is expected to be voluntary, relocates people locally, and aims to improve human well-being and vital ecosystem services locally, regionally, and globally (SI Appendix, section S2).
A Framework for Analyzing Policy Impacts Across Stakeholders and Scales. To reduce vulnerability and increase resilience and wellbeing in the social-ecological system of Ankang, the RSP will affect significant land use and land cover changes, not only in the migration areas but also in the relocation areas. These will impact the production and delivery of multiple ecosystem services and their stakeholders across multiple (local, regional, and global) scales. Simultaneously, the livelihoods of migration householders will also change with RSP implementation. Furthermore, all of these impacts will change with time. To guide and improve the Program, it is vital to assess its impacts on and the distribution of costs and benefits to different groups through time (Fig. 2) .
Results
Impacts of Relocation Project on LULC. Significant LULC changes resulting from the RSP involve two primary conversions. The largest in terms of area is from farmland to forests, and the other is from gently sloping grassland and bare (rocky/sandy) land to urban land (Fig. 3) . According to Program plans, by 2015 9.3% of farmland will be converted to forest, whereas 3.5% of grassland and 16.9% of bare land will be converted to urban land ( Fig.  3 and SI Appendix, Fig. S4 ). By 2020, a total of 16.9% of farmland will be converted to forest, whereas 12.7% of grassland and 16.9% of bare land will be converted to urban uses ( Fig. 3 and SI Appendix, Fig. S4 ).
Household Livelihood Changes During the Initial Program Year. We explore how the RSP impacts livelihoods in two dimensions: changes in flow variables and changes in stock variables. We report these changes with propensity score-matching (PSM) techniques, which pair each treated observation (relocation household) with a similar control observation (nonrelocation household) on the basis of their propensity scores. We interpret the difference in outcomes for these matched households as the average effect of treatment on the treated (ATT) (SI Appendix, section S6). The RSP is projected to increase per-capita income, the proportion of rural-urban migration remittance income, clean energy utilization, and housing value and quality, and to decrease agro-forestry, fuel wood utilization, natural disaster losses, and the poverty rate (Table 1) . On a less positive note, the Program increased per-capita loans and decreased per-capita land area and savings (Table 1) .
Benefit-Cost Dynamics of Multiple Stakeholders. The household survey has limited value for assessing the long-term societal impacts of the program, because it provides information only on households and only during the initial program year. We therefore also estimated the net benefits and their changes through time to multiple stakeholders. For a household participating in the resettlement program, the upfront cost of relocation is much higher than the one-time subsidy payment from the government. Therefore, moving might not bring any net benefit to the households in the short term (Fig. 4A) . Furthermore, poor households may be blocked from relocation because they lack the resources to pay the upfront costs (see SI Appendix, sections S7 and S8, for detailed analysis of different scenarios). In the long run, however, easy access to roads, transportation, education, communications, and markets would make households economically better off. We estimate how an increase in subsidy or income would allow households to be better off in the future, yielding positive present value of net benefits. In particular, we project that the total household expenses associated with resettlement will be paid off either with an increase of 13,000 USD of subsidy or 1,500 USD of annual income (SI Appendix, sections S7 and S8). The local government also incurs significant upfront costs and will face a 942 million USD shortfall in present value terms by the end of 2020 (SI Appendix, sections S7 and S8). The future benefits eventually make the present value of net benefits positive, but the payback period for the local government is expected to extend 15 y after the end of the Program (Fig. 4B) .
The Program also greatly benefits downstream water-receiving areas of the SNWTP: an estimated total of 6 million USD in avoided water purification and sediment removal costs during 2011-2020 and an estimated 1.85 million USD in further avoided costs annually thereafter. Meanwhile, the RSP will also contribute a total of 35 million USD from 2011 to 2020 and then 9 million USD per year to global beneficiaries of carbon sequestration (SI Appendix, section S7, and Fig. 4 C and D) .
Many of the variables in this analysis are subject to considerable uncertainty, including parameters for biophysical assessment of ecosystem services and the prices for economic valuation. To understand how uncertainty affects the results, we considered a range of values for key variables. We find that results for net benefits are sensitive to variability in the cost of housing and the social discount rate. Lower housing costs can tip the scales so that households have positive net benefits from relocation both in the short run and long run. Moreover, a lower discount rate also reduces the payback period compared with a higher discount rate. However, variation in water purification, soil erosion control, and carbon sequestration have only minor effects on the results (SI Appendix, section S8).
Discussion
Ecosystem service benefits, and their distribution to beneficiaries, remain poorly understood components of measurement and monitoring programs (16) . Quantifying the distribution of benefits requires an in-depth understanding of socioecological systems (8) . By using a socioecological systems approach (17, 18) (Fig. 2) , we identify the benefits associated with a bundle of interacting services (e.g., water purification, disaster risk reduction, carbon sequestration) and examine how these benefits flow to different stakeholder groups (different local household groups, the local municipal government, downstream water resource users, and global beneficiaries) (Fig. 4) . These stakeholders include funding providers, ecosystem service providers, and ecosystem service beneficiaries. Not only household incentives, but also incentives at local, regional, national, and global scales, are essential to the success of conservation efforts, because governments often make large-scale natural resource decisions affecting conservation (19) , and households interact with ecosystems directly.
Integrating multiple stakeholders in policy design can also help to realize multidimensional policy targets such as ecosystem service restoration, poverty alleviation, and security improvement (20) , through diversifying the types of stakeholders who benefit from ecosystem services and increasing investments in natural capital conservation and restoration (21) . For example, payment for ecosystem service (PES) schemes, designed to increase investment in natural capital, could be implemented between Ankang and beneficiaries of the RSP, including downstream water resource users and global beneficiaries of carbon sequestration (Fig. 4) .
Policy decisions are often evaluated through cost-benefit assessments, which can help make ecosystem service research operational (22) . Conservation is most likely to succeed when benefits outweigh costs for all relevant decision makers (19) . Understanding costs-including land prices, government investments, and opportunity costs-will help in allocating scarce resources most efficiently (23) . Understanding benefits of ecosystem services such as flood control, water purification, and carbon sequestration from forests will assist in estimating the economic value of lands identified for conservation and identifying who may be willing to pay for these services (24) .
Our analysis reveals not only the net benefits to different groups of stakeholders but also changes in net benefits over time. For local households, the cost initially exceeds the benefits. Reaching the break-even point in the near term hinges on either increasing household income, through improved livelihood opportunity, or providing higher government subsidy after relocation ( Fig. 4A and SI Appendix, section S8). Moreover, easy access to roads, transportation, education, communications, and markets will make local households economically better off in the long term. For the local government, the total cost also initially exceeds the benefit and involves a 15-y payback period after the implementation of program (Fig. 4B) . For downstream water resource users and also global beneficiaries, the net benefits start positive and increase through time. The results provide a metric for evaluating the effectiveness of ecosystem service conservation projects and various policy objectives by integrating into decision making the value of ecosystem services and other benefits and costs in both the short term and long term for different stakeholders.
An important aspect of policy assessment is understanding how changes in human well-being may influence governance and policy and, consequently, ecosystems and the provision of services (4). In our study, we found that the RSP has multiple impacts on the wellbeing of local households. The Program improves income, living conditions, and security (Table 1) . However, we also found that participants in the Program lost land resources and savings, and have more loans (Table 1) . Furthermore, in the short term, poor households with higher housing investment may have difficulty participating because the upfront cost (shortfall) is too high (see SI Appendix, section S8, for details). Subsequently, these changes in human well-being can lead to new, unpredictable impacts on destination ecosystems (e.g., converting forest to farmland), on whether participation is voluntary, and on the efficiency of the RSP (e.g., with participants potentially moving back to original areas or falling into impoverishment again). Over the long term, the improvement of human well-being depends heavily on successful transformation of livelihoods through voluntary participation. Our results emphasize the importance of integrating human well-being changes into program assessment.
Our study has some key limitations. First, we conducted the household survey just months after the RSP was implemented in Ankang in 2011. Within such a short time window, the longer term effects of the Program on household livelihoods could not be revealed, especially the potential economic benefit from easy access to roads, transportation, education, communication, and markets. Our predictions, however, include that of the benefits to households of relocating, which may underestimate the net benefits to households. We are conducting a follow-up survey to monitor the dynamics of households' livelihoods over the longer term. Second, our estimate of household net benefit is conservative and simple because we excluded the amenity benefit from the improvement of living conditions and access in the costbenefit analysis model, because our early survey could not yield credible data on this. We will include this value and improve the cost-benefit analysis model in future study. Third, we treat households as identical (average household), but the survey shows that there is tremendous variation among households. This variation can have important effects-especially on who chooses to participate. There are unobservable household traits that could influence participation and produce bias in evaluating program impact.
To achieve multiwin results and multiscale sustainability, we make the following suggestions. First, subsequent supporting programs should follow up. "Moving out" is just the first step, not the final aim of the RSP. More attention should be paid to implementing the subsequent supporting programs after moving out, such as investing in capacity building and environment-friendly job opportunities. In China, ecomigration and resettlement face great challenges in providing new housing and livelihood opportunities in urban areas (25) . Our results show that, although the income-based poverty rate is reduced immediately after relocation, the resettled households face a heavy burden of loans and reduced savings (Table 1) . To shorten the payback period and to avoid potential problems that might cause a household to move back to the original area or fall into impoverishment again (26) , capacity building (such as knowledge and skill development, technology training, public service development, institution building) as well as creating environment-friendly job opportunities (such as national handicrafts, ecotourism, ecoagriculture) are very important (27) .
Second, programs should establish direct financial compensation from ecosystem service beneficiaries to ecosystem service suppliers. As an important water source conservation area, Ankang plays a key role in water provision, water purification, and erosion control (Fig. 4) . However, there is no direct PES program between Ankang and downstream water-receiving areas, which increases the risks of ecosystem degradation and reduced ecosystem service supply from Ankang Municipality. Corresponding financial compensation, including for carbon sequestration, would strengthen the impact of the RSP on poverty alleviation and livelihood improvement in Ankang Municipality. Each household has its specific perspective on the value of relocation, and these perceptions of the net benefits of relocation will directly influence the effectiveness of the RSP and the sustainability of the social-ecological system, especially after the one-time governmental subsidy has ended. With the compensation, local government could establish financial assistance mechanisms for the relocation households to secure program goals over the long term.
Our analysis emphasizes several important aspects of policy design and assessment. First, integrating multiple stakeholders into the assessment is crucial for ecosystem service conservation and human development policy design. Second, dynamic costbenefit analyses of multiple stakeholders can help decision makers understand when and to whom ecosystem services are delivered, and how to design policies to ensure that net benefits are positive for all stakeholders. Finally, integrating household well-being into conservation policy can help to increase policy sustainability and prevent unexpected and undesired ecological consequences (4). Ecosystem Service Assessment. We assessed ecosystem services of water purification and sediment retention based on actual land use in 2010 and RSP planning scenarios for 2015 and 2020, using Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) models (28) . InVEST quantifies and maps ecosystem services provided by an existing landscape or under future scenarios (29) (SI Appendix, section S5). We also assessed carbon sequestration services for each LULC type (SI Appendix, section S5).
Methods
Household Livelihood Survey. In November and December of 2011, we conducted a household survey concerning rural households' livelihoods and the environment in Ankang Municipality. The survey included questionnaires for rural households and communities, and some semistructured individual interviews and focus groups, as follows. First, we selected five focal counties (of nine) in Ankang Municipality according to their gross domestic product in 2010: Hanbin from the top group (first), Ziyang, Shiquan, and Pingli from the middle (ranked four, five, and six, respectively), and Ningshan from the bottom (ninth). Second, in each focal county, we selected three townships for detailed study. All selected townships had resettling communities, nature reserves, and payment for ecosystem service (PES) policies. Then, 25 villages were selected: 15 were randomly chosen; 10 were new villages for relocating people. Fourth, villager groups were randomly chosen within the 25 survey villages. Finally, all of the rural households in the sampled village groups were surveyed, and the head of household, or a family member over 18 y old, was asked to complete a questionnaire.
We issued a total of 1,570 questionnaires, of which 1,410 (89.8%) were returned, and, of these, 1,404 (99.6%) were valid. The questionnaire focused on the household level: (i) social and demographic features, (ii) livelihood assets (natural, financial, social, physical, and human capital), (iii) livelihood activities (e.g., crop production, forestry, local nonfarm enterprise, ruralurban migration, etc.), (iv) labor time, and (v) consumption and expenditure.
Methods for Estimating Livelihood Changes. To evaluate the impacts of the relocation project on household livelihoods, we used PSM (30) . Formally, the ATT was estimated as follows:
Y 1i and Y 0i are the potential outcomes in the two counterfactual situations of treatment (relocation) and control (nonrelocation). D i represents whether the household is a participant (i = 1) or not (i = 0). p(X i ) is the conditional probability of participating in RSP given pretreatment characteristics of households. The SEs were obtained using bootstrapping methods (SI Appendix, section S6).
Cost-Benefit Analysis of Multiple Stakeholders. We conducted a cost-benefit analysis of the RSP by estimating the costs and benefits for each stakeholder involved in the RSP system, including local resettled households, local government, downstream water resource users, global beneficiaries, as well as the whole program (SI Appendix, section S7). (i) For local resettled households, the total costs (C households ) include the cost of new house construction and increase in living expenses (daily consumption). The total benefits (B households ) include the single family's relocation subsidy from government, change in income after relocation, and disaster reduction resulting from the decrease of disaster risk, respectively (SI Appendix, section S7). (ii) For the Ankang municipal government, the total cost (C government ) is the sum of the total investment in three relocation classes, namely disaster relocation, poverty alleviation relocation, and ecological relocation, respectively. The total benefits (B government ) are the decreased investment in disaster risk reduction, poverty alleviation, and water purification and erosion control, respectively, which resulted from the Program. (iii) For downstream water resource users, the total benefit (B downstream ) is the avoided costs of water purification thanks to receiving relatively nutrient-and sediment-free water through implementation of the Program (31) (SI Appendix, section S7). (iv) For global beneficiaries, the total benefit (B global ) is the value of increased carbon sequestration service resulting from implementation of the Program.
Methods for Estimating Benefit-Cost Changes. Using the biophysical data and household survey, we examine the net present value of the relocation program across multiple stakeholders as well as different time periods (2011-2020, after 2020), using an 8% social discount rate (SI Appendix, section S7).
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Impacts of Conservation and Human Development Policy across Stakeholders and Scales
S1 Ankang Municipality
Ankang is typical of western China, with its conflict between nature conservation and poverty alleviation. 92.5% of Ankang Municipality is steeply mountainous, prone to frequent natural disasters, such as flooding, landslides, debris flow, etc. that result in severe economic losses every year. Farmland is very limited and accounted for only 21% of Ankang Municipality in 2010. Moreover, farmland with slope <15% accounted for only 41% of the total farmland in Ankang Municipality in 2010. Most of the farmland has low productivity due to low soil fertility. Sloping farmland contributes greatly to geological disasters and severe soil erosion.
With its mountainous areas, Ankang Municipality is not only an ecologically fragile area, but also a typically poor area. Ankang has a large population in poverty and was designated as one of the 18 Nationally Contiguous Poor Areas at the National Poverty Alleviation 
S2 Description of the Relocation and Settlement Program of Southern Shaanxi Province (RSP) -implementation of program
In order to avoid natural disasters (e.g., geological disaster, flooding disaster), restore key ecosystem services such as erosion control, flood mitigation, water purification for downstream drinking, irrigation and hydropower, and carbon sequestration, and to improve human well-being generally, Shaanxi Province, including Ankang, Shangluo and Hanyang, initiated the RSP in 2011 -the largest resettlement project in the history of modern China (Fig. S1 ). Offering direct financial assistance and other incentives, the government aims to relocate, on a voluntary basis, 2.4 million people over 10 years in 28 counties of these three municipalities -a quarter of their total population. There are five types of relocation (geologic disaster avoidance relocation, flooding disaster avoidance relocation, poverty alleviation relocation, ecological restoration relocation, and engineering project relocation), together called "disaster avoidance relocation". Ecological relocation, which aims to reduce the impacts of human activities in nature reserves, historic reservation areas, ecologically fragile and sensitive areas, has significant impacts on the South-to-North Water Transfer Project (SNWTP) because Ankang is the water source area of the Middle Route of SNWTP. There are several standards that determine eligibility for the RSP. Households or villages that meet the following criteria are eligible: (i) those threatened by geological disaster, flooding or other natural disasters; (ii) those that are far away from the center of the administrative village, with poor infrastructure and production conditions, and low development potential; (iii) those that have small population size as well as low income; (iv) those located in a remote mountainous area with inconvenient transportation, such as being more than 5 km far away from a main road; (v) those located inside nature reserves, historic reservation areas, ecologically fragile and sensitive areas.
Households that meet the eligibility criteria described above can choose to relocate. They may select one of three relocation modes: relocation to an urban area, scattered relocation, or centralized relocation. Households that choose to relocate to an urban area are free to choose any urban area. In scattered relocation, households move to another rural area that depends on the willingness and the availability of land in the community to which they relocate. In centralized relocation, households within a village all move together to another location. This new location depends on preferences of village residents and on the availability of land.
Unlike several earlier examples in China of forced relocation (e.g., Three Gorges Dam), the RSP is designed to be a voluntary program, and many measures have been put in place to support voluntary participation so that people will choose to relocate (e.g., increased subsidy for poor households, creation of job opportunities, flexibility in relocation area). From the viewpoint of the government, implementation has so far honored the voluntary nature of the Program. Its purpose is to help people in 'dwelling securely and becoming rich step-by-step', the great challenges faced by government. The government relocation subsidy partially covers the cost of new housing. There is no compensation for assets left behind in the mountainous area. However, the government provides assistance to help the relocating households get new jobs, such as by providing recruiting information, paying for new skill training, and providing small loans for self-employment. According to our survey data and informal conversations, lots of households choose to relocate due to (i) the high risk of injury and (further) impoverishment associated with the high frequency and severity of natural disasters in the region; and (ii) the perception that life in urban areas is far better, with much more rapid development and new opportunities for themselves and their children, than life in the mountainous rural areas. There is a frequently stated sense that there is no hope of life improving to match conditions in urban areas in this region in the foreseeable future.
Generally, the RSP appears to be successful in terms of the attitudes, life condition changes, and security of relocated households. Our household survey explored the attitudes of those who chose to move: 77% of the relocated households expressed satisfaction with the Program, and only 3% indicated that they were not satisfied. Moreover, 36% of relocated households reported an income increase and only 12% reported a decrease after participation.
S3 South-to-North Water Transfer Project (SNWTP)
The South-to-North Water Transfer Project is a multi-decade infrastructure project for the People's Republic of China to ultimately channel 44.8 billion cubic meters of fresh water annually from the Yangtze River in southern China to the more arid north through three canal systems: the Eastern Route, through the course of the Grand Canal; the Middle Route, flowing from the upper reaches of the Han River (a tributary of the Yangtze River) to Beijing and three other provinces or direct-controlled municipalities; and the Western Route, which goes from three tributaries of the Yangtze River near the Bayankala Mountains to many provinces, including Qinghai, Gansu, Shaanxi, Shanxi, Inner Mongolia and Ningxia. Construction of the Eastern Route was completed, and water transfer began in 2013. Construction of the Middle Route is also complete, and water transfer was in a pilot phase until October 2014. The Western Route is still under feasibility study and construction has not yet begun (http://www.nsbd.gov.cn/). Ankang Municipality is located in the water source area of the Middle Route of SNWTP (Fig. 1 ).
S4 LULC of RSP scenarios for 2015 and 2020
In Ankang Municipality, the RSP involves 226 thousand rural households (ca. (i) Identify the relocated population through RSP planning. We use an estimate from the Program of the total number of people who will move from mountainous areas to urban areas for the periods 2011-2015 and 2016-2020. We assume that 20% of this total moves each year in each of the five-year periods.
(ii) Identify the farmland area that will be transferred to forest according to average arable area per capita (data from "Household Livelihood Survey") and the relocating population (data from RSP planning). We convert population to an amount of land to be converted from farmland to forest in the mountainous areas using the amount of arable area per capita that we obtain from the survey. We use the following rules to choose which lands switch from farmland to forest: a) in 2015 we take all land with slope > 30%, which equals the total number of targeted hectares, b) in 2020 we take all land with slope between 25% and 30% and that is more than 3.5 km away from a main road. These details are described in Table S1 . A total of 460 km 2 Arable land with slope between 25% and 30%, at a distance more than 3.5 km away from main road  Land with suitability grade V for construction + Bare land  Land with suitability grade V for construction + Grassland with less than 2 km from urban land, less than 1.5 km away from a main road  Land with suitability grade V for construction + Grassland with slope <15%, 2-3 km distance away from the urban land and 1.5 km away from a main road, from urban land (iii) Assess the land's suitability for relocation according to land-use types, slope, distance from main road, distance from urban land, and distance from a nature reserve (Table S2) . Assessment indicators and grades for relocation land suitability were identified through RSP planning. (iv) Identify the location of farmland that will be transferred to forest in land-use maps, according to slope and distance from places convenient for human activity (Fig.  S3) . Usually, there are two methods for land suitability grade calculation: geometric mean and weighting sums of assessment factors. In this study we used a geometric mean to calculate land suitability grades according previous studies (1, 2). Land suitability grade for relocation were identified by the following formula:
where G is the land suitability grade for relocation, S is the slope, D R is the distance from main road, D U is the distance from urban land, LULC is land use and land cover type and D NR is the distance from a nature reserve.
Finally, we get the suitability grades I (0), II (0-2.5), III (2.5-3.5), IV (3.5-4.5) and V (4.5-5) (Fig. S3) . (v) Identify the land where the relocation can be arranged by land-suitability assessment (Table S1 ) through the RSP planning (relocation population and goals). Relocation will increase the area of urban land. The increased amount of urban land was found by multiplying the population relocating to the urban area by the average area of urban land per capita. In 2015, we selected land for urban expansion that had suitability grade V for construction and was bare land or grassland less than 1.2 km from a main road (and described in Table S1 ). In 2020 we use similar conditions, as spelled out in Table S1 .
Finally, based on the actual land use in 2010, we obtained the LULC maps for RSP planning in 2015 and 2020 in Ankang Municipality (Fig. S4 and Table S3 ). We developed land-use change scenarios only for the periods 2011-2015 and 2016-2020. In our analysis, there is no land-use change after 2020. 
S5 Ecosystem service assessment (i) Water purification and sediment retention.
We assessed ecosystems services (ES) of water purification and sediment retention based on actual land use in 2010 and RSP planning scenarios for 2015 and 2020, using InVEST models (Integrated Valuation of Ecosystem Services and Tradeoffs) (3).
Water purification. The nutrient retention model quantifies the contribution of vegetation and soil to purifying water. First we used the water yield model to estimate annual average runoff from each parcel. We then used this model to estimate total nitrogen and phosphorus exported to streams (kg yr -1 ).
Sediment retention. The sediment retention model uses the Universal Soil Loss Equation (USLE). We estimated erosion as tons per year of sediment load, based on geomorphology, climate, vegetation and management practices.
Parameter identification. Previous research results were used for the parameters of the water purification model, as well as the sediment retention model. The parameters used in InVEST models are as follows:
Biophysical table: The Biophysical Table of the InVEST User's Guide contains data on water quality and sediment retention parameters, as attributes of each LULC used in the tools. Parameters in the table are largely based on research studies in local places. Thus, we chose parameter values from a lot of papers that provide observation-based parameters for in Ankang Municipality and/or other places like Ankang to show differences resulting from different LULC. For example, forest and shrubland perform better water purification than other ecosystems; farmland and urban land make higher contributions to eutrophication; forest functions better at sediment retention than other LULC types. The parameters in this table play a key role in the modeling output.
The evapotranspiration coefficient (etk):
Etk is used to obtain actual evapotranspiration which is based on alfalfa (or grass). All the coefficients are multiplied by 1,000, so the values are integers ranging between 1 and 1,500 according to the data provided by FAO (http://www.fao.org/docrep/X0490E/x0490e0b.htm#annual crops) and Chinese researchers (Table S4) . (Table S5) . The nutrient loading (load_n/loand_p): we chose research on related places to get well approximated parameters for our study area (Table S6) . Cover and management factor for the USLE (usle_c), management practice factor for the USLE (usle_p): These two factors are the important in the USLE model (Table S7) . Urban land 1 1,000 (9-13) 7
Bare land 1,000 1,000 (9-13)
(ii) Carbon sequestration estimation
The carbon sink in China's terrestrial ecosystems, such as forests, shrubs, grassland and soils of croplands, represents considerable potential for a mitigation approach (14) . Recently, the carbon sink of China was estimated with different methods and a net sink of 190-260 Tg yr -1 was suggested (15) . Some of these increases in the carbon stock of ecosystems might be sustained for about 20 to 50 years (16, 17) . In Ankang Municipality, as a result of the Sloping Land Conversion Program (i.e., conversion of annual cropland to forest and perennial grassland) from the beginning of this century (18) , the carbon pools of the soils suffering from serious erosion and the newly restored vegetation, are far less than their maximum values, and thus the carbon sequestration function of the ecosystems will last for quite a long time.
Based on the above background, we estimate total carbon sequestration over different LULC types each year. The amount of carbon stored in above-ground and below-ground biomass and soil depends primarily on LULC (e.g., forest, shrub land, grassland), as well as land management. As we lacked data on age class and species distribution of forests, we assumed that land use and land management in each grid cell had existed for a period long enough for the ecosystems to reach a relatively steady carbon sequestration rate. Generally, each LULC type would sequester carbon at a steady rate. Then the annual sequestration estimation can be reported as tons of carbon sequestered, and the final carbon sequestration status of different LULC type under different scenarios compared. Based on previous studies, the carbon sequestration rates of steady-state levels for different LULC types in Ankang Municipality are estimated (Table S8) . We recognize that the availability of data to describe carbon sequestration more precisely could improve our analysis; however, the simple proxies that were chosen were sufficient to meet our research goals. 
S6 Livelihood change estimation
PSM estimators have been developed to correct for non-random selection and to pair each treated observation (relocation households) with a similar control observation (non-relocation households) on the basis of their propensity scores, and to interpret the outcome of the control observation as the counterfactual outcome of the treated observation in the absence of treatment. Matching on the basis of the propensity score enables relocation households to be compared to non-relocation households that are similar in terms of their observed characteristics, thereby correcting to some extent for self-selection to relocate, conditional on these observables. In this article, we extend the PSM approach to analysis of the impacts of relocation and the subsequent effects on livelihood in Ankang Municipality.
PSM applied here consists of the following steps. First, we estimate a Probit regression model of the treatment variable; that is, the households participating in the RSP. In Table S6 , we present the result of Probit regression of the probability of relocation based on observable characteristics of the household. We consider households' demographic characteristics (including household size and structure), livelihood assets (human assets and social assets), as well as the policy characteristic (whether they participate in the Sloping Lands Conversion Program) to be determinants of participation in the Program (See Table S9 ). Second, the parameters of the Probit model are used to calculate the propensity score, that is, the predicted probability of participating in the Program for each household, based on the observed characteristics included in the model. Third, using the estimated propensity score, each relocation household is matched with the nearest non-relocation household, using the 'nearest neighbor' matching procedure with replacement. Fourth, once a relocation household has been matched with the nearest non-relocation household, the observed livelihood of the latter is imputed for the former. We interpret the difference in outcomes for these matched households as the average treatment effect of the treated (ATT). We obtain robust standard errors using bootstrapping methods that resample observations from the original data with replacement K times (K=500 times). Here, the sample drawn during each replication is a bootstrap sample clustered by village. Each time, it conducts a calculation of the average treatment effect of the treated (ATT 1 , ATT 2 , ……,ATT K ,). Then we obtain the standard errors by calculating the standard deviation of each ATT value. To further identify the heterogeneity of the outcomes, we also conduct PSM estimation by different relocation groups (Table S10) . To examine the matching results of the sample, as well as to illustrate the rationality of using PSM, we compare both the propensity score density of the control and treatment groups by matching. The density graphs are in Fig. S5 . Before matching, there is a significant difference between the control group and treatment group. If we directly compared the difference in livelihoods between these two, the estimate would be biased. However, after matching, the distributions of control and treatment groups are extremely close to one another, which indicates a good matching result (Fig. S5) . We also present the balancing test for matching based on propensity score (Table S11) .
Livelihood assets
Credit access
S7 Cost-benefit analysis (CBA)
A.Costs and benefits for multiple stakeholders
We use cost-benefit analysis to give assessments for stakeholders involved in the RSP system, including local resettled households, local government, downstream water resource users, as well as global beneficiaries. For the whole RSP system, the cost consists of two parts, namely the costs experienced by resettled households (C households ) and the costs experienced by the Ankang government (C government ); The benefit includes the benefits experienced by resettled households (B households ), the Ankang Municipal government (B government ), downstream water resource users of the Middle Route of the SNWTP (B downstream ), and global beneficiaries (of carbon sequestration) (B global ). The detailed parameters are as follows:
Local resettled households.
For the resettled households, the total cost is a sum of the expenses of all resettled households, denoted as:
where C house is the cost of new house construction for an average (representative) resettled household, C consumption is the increased living expenses (daily consumption), which mainly refers to the recurring living expenses of a household, including food, clothing, energy utility, telecommunication fee, cash gift spending, medical costs, education, as well as other normal living expenditures.
The total benefit of resettled households is the sum of direct and indirect gains of all resettled households, denoted as:
where B subsidy , B income , B security , are the representative family's relocation subsidy from government, change in income after relocation, and improved security resulting from the decrease of disaster risk, respectively. Here we didn't include the benefit of amenity value from the improvement in living conditions and conveniences, such as easy access to roads, transportation, education, communication and markets, because our available data on these are not reliable (given the early timing of our survey). Although these benefits are real for the relocation households (24), we simplified the cost-benefit analysis model to make more conservative estimates. We will modify this model by including the amenity value after acquiring more reliable data in future surveys.
C households : The total cost to local resettled households is the sum of the expenses of all resettled households. For an average household: (i) the total expense of building a new home in the resettling community is a single payment once they participate in the RSP. From the resettled household sample, we collected data on the total expense of building a new house in the resettling community. Then we calculated the mean value of the expense, which is about 136,000 yuan; (ii) we used PSM to calculate the impact of the RSP on households' daily consumption (excluding the total expense of housing). Our estimate shows that the Program significantly affects the resettled households' daily consumption by an increase of 1,515 yuan per yr.
B households : The total benefit to resettled households is the sum of direct and indirect gains of all resettled households. (i) Once a household participates in the RSP, it will be subsidized by the government for relocation. According to the relocation planning and policy, the one-time subsidy standard is 30,000 yuan per household which will be directly deposited to the participant's bank account. This benefit to households is also the cost to the government. (ii) To assess the variation in households' incomes after the RSP, we used PSM to estimate the change in income after participation in the Program, which is about 1,885 yuan per yr. (iii) Implementation of the RSP benefits local residents by reducing losses from disaster. During the household survey, we investigated the disaster-suffering households, recording their loss of production and property caused by natural disasters during the previous year. To calculate this disaster-reduction benefit, we first sum the total loss caused by disasters which includes the loss of agro-forestry planting income, loss of cultivation income, and loss of property. Using the disaster-suffering sample, we then used PSM to estimate the change in total loss between the resettled households and non-resettled households caused by the RSP. Then we calculate the B security by using the value of the change (9,731 yuan) multiplied by the proportion of disaster-suffering households in the resettled households (13.6%). Our estimate of B security is 1,323 yuan per yr.
Local government.
For the Ankang government, the total cost is denoted:
indicates the three non-overlapping classes by which relocation households receive voluntary assistance, namely disaster relocation, poverty alleviation relocation, and ecological relocation respectively. j indicates the focus of associated government investments, namely new home construction, public infrastructure, industrial development, human capacity building, public services, ecological restoration mostly for erosion control (and associated disaster risk reduction, water purification, and carbon sequestration), and land improvement (for construction and farming), respectively (Data source: "Planning of relocation in Ankang Municipality from 2011-2020"). The B subsidy of family's relocation subsidy from government should be treated as the cost of government. Here, it belongs to the 'new home construction' cost in the j item. For the first stage (2011) (2012) (2013) (2014) (2015) , the total number of households (population) to be relocated is ca. 116,000 (450,000). For the second stage (2016-2020), the total number of households (population) to be relocated is ca. 110,000 (427,000). Therefore, we distribute the total investments in each of the items at different stages according to different proportionality coefficients and then multiply these investments by the appropriate proportionality coefficient for the relocation population at the different stages.
B government : To estimate B government , (i) we first used the official statistical data from Ankang Municipal Government to sum the total fiscal expenditure of annual disaster relief from 2007 to 2011 in Ankang Municipality. Then we calculated the mean value and used it as the benefit of disaster relief reduction expected from the RSP, which is approximately 370 million yuan per yr (B disaster ).
(ii) We used the official data on total financial poverty-alleviation investment in a whole year divided by the total population in poverty to calculate the per capita investment on poverty alleviation. Then we multiplied the per-capita investment in poverty alleviation by the total population of the poverty-alleviation group of the RSP to estimate the total benefit of poverty alleviation resulting from the Program. In practice, because of the adjustment of the national official poverty line standard in 2011, we used the available official data in 2013 instead. The total financial poverty alleviation investment was 3.9 billion yuan, and the total poverty population was 0.9 million. Our estimate is that the per capita poverty-alleviation investment is about 4,300 yuan per year. To calculate the B poverty , we then multiplied 4,300 by the total population of the poverty alleviation group of the Program. , we calculated the total water purification benefit of the RSP by first distributing the amounts of total phosphorus and total nitrogen retention into each year during the Program and then multiplying the unit cost of TN and TP treatment, which are 9,150 yuan per ton and 50,000 yuan per ton, respectively (25, 26) . To estimate the B purify1 , we multiplied the relevant benefits of water purification by the water sharing coefficient, which is 5.24% (27) .
(iv) Based on the ES provision of soil erosion regulation (297,220 tons for 2011-2015 and 890,162 tons for 2011-2020), we estimated the erosion control benefit of the Program by using the soil bulk density as 1.29t m -3 (28), the dredging efficiency as 2.6 m 3 per day per capita (29) and the payment for a construction worker as 120 yuan per day (Household survey data). Then we estimated B erosion1 by using the calculated unit cost of soil erosion control (35.8 yuan per ton) multiplied by the soil erosion control service sharing coefficients of Ankang Municipality (45%) (30) .
Downstream water resource users.
For the downstream water resource users in the receiving area of the Middle Route of the SNWTP, there are only benefits involved in our analysis. The total benefit (B downstream ) is the avoided costs of water purification thanks to receiving relatively nutrient-and sediment-free water through implementation of the Program. The value of improved water quality (B purify2 ) and sediment retention (B erosion2 ) due to the implementation of the RSP is as follows: and change in export of TP (kg yr -1 ), respectively. P TN and P TP : We used the cost of TN and TP treatment as 9,150 yuan per ton and 50,000 yuan per ton, respectively, which were identified by Wang et al. (25) and Nian et al. (26) . E TN and E TP : We used InVEST models to estimate total nitrogen and total phosphorus exported to streams, and their changes due to RSP implementation. For Ankang Municipality and the downstream water resource users, the proportions of water resource utilization were 5.24% and 31.59%, respectively (27, 31) , which were also used as the benefit coefficients of water purification services for Ankang Municipality and the downstream water resource users.
We estimated B erosion2 by using the average value of the calculated unit cost of soil erosion control (35.78 yuan t -1 for artificial price (Survey data) and 9.53 yuan t -1 for machine price (http://www.doc88.com/p-8929990788995.html)) multiplied by the soil erosion control service sharing coefficients of downstream water resource users (55%) (30) .
Global beneficiaries
For global beneficiaries, the benefit refers to the increased carbon sequestration service from implementation of the Program. 
B. Cost and benefit variation across time Present value calculation
We developed land-use change scenarios only for the periods 2011-2015 and 2016-2020. In our analysis, there is no land-use change after 2020. However, benefits and costs continue to accrue each year. We use a capital equivalent calculation to make the cost and benefit comparable at the same time point (36) . Theoretically, either future value equivalent or present value equivalent method could be adopted (37) . In practice, we use an 8% social discount rate to calculate the present value of each stakeholder and the whole RSP system at a beginning time (2011) (38) (39) (40) .
The Present value (P) of a single payment/benefit (A) at a comparable time point is denoted as the following: P=A(1+i) -t , where the (1+i) -t is the duplicated rate present value coefficient. Here P is the present value, i is the social discount rate, t is the period to be calculated. We used the present value to calculate the corresponding equivalent cost-benefit of each stakeholder across the time period.
Specifically, for the recurring cost/benefit (considered as an annuity), we adopted the present value of annuity as follow: S=A [1-(1+i) -t ]/i, where A is the annuity (annual cost or benefit), [1-(1+i) -t ]/i is the ordinary annuity coefficient.
To calculate the payback period of program, we used the Net Present Value (NPV) denoted as follows: Here, B-C is the net benefit (NB) of each stakeholder. The payback period is the time at which the NPV equals 0.
S8 Uncertainty analysis
There are uncertainties in both the biophysical assessment of ecosystem services and in the various values that we use in the model. Here we included a range of values for various key parameters to better account for uncertainty. We focused our analysis of uncertainty on factors that were both important (i.e., the range of reasonable parameter values could have a large impact on results), and for which we had a clear method for establishing a reasonable range of parameter values. Water purification service benefits make up a very small percentage of the total benefits, so we did not include uncertainty analysis of this service.
(i) Soil erosion
We use a range of values for soil erosion control services, reflecting the difference between labor cost and machinery cost (35.78 yuan to 9.53 yuan). As to the shared responsibility of damage for related beneficiaries, we adopt a 45% distribution coefficient for local government (Ankang Municipality) and 55% for the downstream water resource users (30) . For Ankang Municipality, the value of soil erosion control service has little impact on the net benefit to the Ankang Municipal Government. Whether the value of soil erosion control services is calculated by using machinery costs (high) or labor prices (low), for Ankang Municipal Government the payback period is expected to last until 2035.
However, the soil erosion control service has a large impact on the net benefit of downstream water resource users. We provided a range of soil erosion control service for downstream water resource users to show the uncertainty of their net benefits (Fig.  S6) . (ii) Carbon sequestration benefits
To assess carbon sequestration rates, we use parameters from the regions that share similar climate and similar vegetation types with Ankang. There is considerable uncertainty about the appropriate carbon sequestration service value to use. Estimates of the social cost of carbon vary widely (e.g. 41) and these also differ from current prices on carbon markets. We chose to use two prices relevant for China that span a range of reasonable values. First, we use the average price from seven carbon markets in China (http://www.tanpaifang.com/tanshichang/201406/2133972.html), which is 43 yuan t -1 , or 6.61 USD t -1 . We also use a price of 267 yuan t -1 , USD 41.08 t -1 , which is the average cost per ton for afforestation projects in China (35) (36) (37) (38) . For global carbon sequestration, the different prices have a large impact on the net benefit. We provided a range of carbon sequestration service for global beneficiary to show the uncertainty of their net benefits (Fig. S7 ). 
(iii) Housing costs
We adopt mean values to calculate the costs and benefits of households in the main manuscript. Here, to explore uncertainty, we set the ranges of housing cost by using mean value plus/minus two standard deviations (S.D.).
For the low housing cost curve, the initial benefit is higher than the initial cost. For the high housing cost curve, the payback period may never come up (Fig. S8) . Therefore, the poor group might be blocked from the Program by up-front costs. 
(iv) Social discount rate
We also conduct an uncertainty analysis by adopting different social discount rates. With a lower discount rate, the payback period will be shorter. With a higher discount rate, the payback period will be longer. Here we first calculate the necessary subsidy to households to make them as well off by moving: 1) Costs for a new house are 136,000 yuan, the subsidy is 30,000 yuan, so the net cost of moving is 106,000 yuan; 2) the annual costs from higher consumption are 1,515 yuan; 3) the annual benefits from higher income and more security are 3,208 yuan in total (1,885 + 1,323); 4) the annual net benefits are 1,693 yuan (3208 -1515); 5) the present value of 1,693 forever into the future discounted at 8% is 21,163 (1693/0.08 ); 6) subtracting this value from the one-time cost of 106,000 gives a value of 84,838 yuan. Therefore the necessary increase in the subsidy to households to realize payback in the long term is about 84,838 yuan. The same goes for the calculation of necessary increase of annual income, it is 8,672 yuan at 8% discount rate. After that, we calculate the subsidy value and income value at 5% discount rate. Here we present the payback condition for an average household and payback period for Ankang Municipality at 5% and 8% social discount rates (Table S12) . Note: Subsidy indicates the increase of subsidy; income indicates the increase of annual income.
